Limonoids and triterpenes are the largest groups of secondary metabolites and have notable biological activities. Meliaceae and Rutaceae are known for their high diversity of metabolites, including limonoids, and are distinguished from other families due to the frequent occurrence of such compounds. The increased interest in crop protection associated with the diverse bioactivity of these compounds has made these families attractive in the search for new allelopathic compounds. In the study reported here we evaluated the bioactivity profiles of four triterpenes (1-4) and six limonoids (5-10) from Meliaceae and Rutaceae. The compounds were assessed in a wheat coleoptile bioassay and those that had the highest activities were tested on the standard target species Lepidium sativum (cress), Lactuca sativa (lettuce), Lycopersicon esculentum (tomato) and Allium cepa (onion). Limonoids showed phytotoxic activity and 5α,6β,8α,12αtetrahydro-28-norisotoonafolin (10) and gedunin (5) were the most active, with bioactivity levels similar to, and in some cases better than, those of the commercial herbicide Logran. The results indicate that these products could also be allelochemicals involved in the ecological interactions of these plant species.
The discovery of new allelophatic compounds remains a challenge [1] . In this context, the search for new products of plant origin is attractive as such compounds can have a defensive purpose in nature, especially in plants that have few options for defense.
Meliaceae and Rutaceae are known for their high diversity of metabolites, including many plants that are sources of limonoids and triterpenoids that are characteristic of the Rutales order. These families are distinguished by the frequent occurrence of limonoids [2] , an interesting class of compound with complex structures that are highly oxygenated. Limonoids have a large spectrum of biological activity [3] , including insecticidal [2a,4] , anticancer [5] , anti-inflammatory [6] , antifungal [7] and other effects. Triterpenes also exhibit a wide array of bioactivities such as insecticidal [4c,8] , anticancer [5b, 9] , immune disease [10] , anti-inflammatory [11], antimicrobial and other effects [12] .
In relation to the diverse bioactivity of these compounds, the increased interest in crop protection and the search for new allelophatic compounds from Meliaceae and Rutaceae has made these families attractive. The aim of the work described here was to evaluate the bioactivity profiles of three triterpenes (1-3) ( Figure 1 ) and six limonoids (5-10) ( Figure 2 ) isolated from Meliaceae and Rutaceae, and one synthetic triterpenic derivative (4) ( Figure 1 ).
The extraction, isolation and identification (NMR, MS, IR, UV data) of the following compounds have been described previously: lupeol (1) from aerial parts of Zanthoxylum petiolara [13] , ocotillone (2) from branches and stems of Cabralea canjerana [14] , odoratone (3) and gedunin (5) from the stem of Cedrela odorata grafted onto Toona ciliata var. australis [15] , 7-deacetoxy-7oxogedunin (6) from the fruit of Carapa guianensis, cedrelone (7) from the stem of Toona ciliata [16] , limonin (8) from branches of Spiranthera odoratissima [17] , 5α,6β,8α,12α-tetrahydro-28norisotoonafolin (10) from seeds of Toona ciliata var. australis [18] and guyanin (9) from Hortia oreadica [19] . The synthesis of the acetonide of odoratol (4) was described by Cazal et al. Two types of bioassay were employed to assess the activities of the compounds. All compounds were tested in the etiolated wheat coleoptile bioassay in order to identify the most active substances. Selected compounds were then tested on seed germination and growth of standard target species (STS).
The etiolated wheat coleoptile bioassay was used as an initial approach to evaluate the phytotoxicity of the compounds. This is a rapid and sensitive test for a wide range of bioactive substances [20] including plant growth regulators, herbicides [21] , antimicrobials, mycotoxins and assorted pharmaceuticals [22] . The etiolated wheat coleoptile bioassay detects the effects on the development of nondifferentiated vegetal cells. In this bioassay the elongation of apical meristems is measured. The results are shown in Figure 3 , where negative values signify inhibition, positive values denote stimulation and zero represents control.
Regarding triterpenes (1-4) the most active compounds were 1 and 3. Compound 1 completely inhibited coleoptile elongation at 10 -3 M and the bioactivity was retained upon dilution (-77%, 300 µM; -45%, 100 µM; -48%, 30 µM and -45%, 10 µM). Compound 3 showed good levels of bioactivity with values around -75% at the highest concentrations (1000 µM, 300 µM and 100 µM) and this activity was also retained upon dilution. On the other hand, compounds 2 and 4 showed activity of low significance. In relation to compounds 2, 3 and 4, it should be noted that functionalities on the furan ring seem to influence the bioactivity and small structural differences can change the activity significantly.
Concerning limonoids (5-10) ( Figure 2 ), gedunine (5) and 5α,6β,8α,12α-tetrahydro-28-norisotoonafolin (10) present the most consistent profiles. Thus, compound 10 completely inhibited coleoptile elongation at 1000 µM, 300 µM and 100 µM and the bioactivity was retained upon dilution, even at the lowest concentrations (-93%, 30 µM; -86%, 10 µM). Compound 5 showed inhibition effects between -80% and -70% at all concentrations. The activity of 9 was greater than -60% at the highest concentration, but the activity decreased with dilution. Regarding limonoids with the gedunin-skeleton (5 and 6) , the presence of a carbonyl group at C-7 instead of an acetoxy group is essential for the bioactivity. In this context, it seems that the position and the pattern of substitution at C-7 can influence the bioactivity.
In order to compare the activities of the compounds, IC 50 values were calculated using the sigmoidal dose-response model. This approach allows comparison of the inhibitory activity of active compounds. The values obtained were 1.737 µM (r 2 = 0.9993) for 10, 2.642 µM (r 2 = 0.9270) for 5, 9.018 µM (r 2 = 0.8964) for 3, 111.3 µM (r 2 = 0.8592) for 1 and 566.7 µM (r 2 = 0.9529) for 9. The order of decreasing activity of the tested compounds in this bioassay is: 10>5>3>1>9.
The most active compounds, namely limonoids 10 (IC 50 = 1.737 µM) and 5 (IC 50 = 2.642 µM), were selected for phytotoxicity evaluation on the standard target species (STS) Lepidium sativum (cress), Lactuca sativa (lettuce), Lycopersicon esculentum (tomato), and Allium cepa (onion). The commercial herbicide Logran ® was used as a standard [23] . The results of the bioassay are shown in Figure 4 , where data are presented as percentages from the control. The highest concentration tested was 300 µM. Triterpenes 1 and 3 were not included in the phytotoxicity bioassay due to the small amounts available.
Concerning the dicotyledonous species, L. sativum, L. sativa and L. esculentum, compound 10 was the most active inhibitor of germination and plant growth at all concentrations tested and showed better levels of bioactivity than the herbicide Logran ® (positive control).
On the monocotyledon species A. cepa, compound 10 showed values of around -90% on root growth at the highest concentrations (300 µM; 100 µM; 30 µM). Similarly, compound 10 also significantly inhibited shoot growth (-85%, 300 µM; -81%, 100 µM; -56%, 30 µM and -25%, 10 µM).
Compound 5 affected the root growth of L. sativum at all concentrations, with similar levels to that of the herbicide Logran ® (positive control). However, the behavior of 5 was not significant for the other STS.
Although compound 5 did not show high levels of phytotoxicity on STS, except for L. sativum, this compound has shown several types of bioactivity, including activity against different cancer cell lines [5b,24] and tropical diseases [25] , along with neuroprotective [26] , anti-inflammatory [27] and insecticidal [4a,4c,28] effects. Very little information was found on the biological activity of 10, although limonoids with a similar structure (5α,6β,8α-trihydro-28norisotoonafolin) showed good results against different cell lines in cytotoxicity assays [29] .
Phytotoxicity of triterpenes and limonoids
Natural Product Communications Vol. 10 (1) 2015 19 In conclusion, our results demonstrate that limonoid 5α,6β,8α,12αtetrahydro-28-norisotoonafolin (10) was highly phytotoxic to STS species, with higher bioactivity levels than the commercial herbicide Logran ® . Since 1998, when this compound was first isolated and identified, this is the first time that its bioactivity has been tested. The levels of activity found for this compound indicate that it should be tested in other bioassays to obtain a more complete bioactivity profile. The phytotoxicy indicates that 10 could also be involved in the allelopathic interactions of this plant species. The results of this study show that limonoids from Meliaceae and Rutaceae species are interesting candidates as sources of allelochemicals that may be useful in agriculture.
Experimental
Plant material: Hortia oreadica (# 110664) was collected in the Forest Reserve Adolpho Ducke, Itacoatiara, Amazonas State, Brazil. The plants were identified by Dr José R. Pirani from the Department of Botany, University of São Paulo and vouchers were deposited at the Herbarium at the same Department.
Extraction and isolation of 9 from Hortia oreadica: Taproots (3.3 kg) and stems (2.4 kg) were extracted with n-hexane, dichloromethane and methanol at room temperature for 3 days. The dichloromethane extract (67.6 g) of the stems was chromatographed using silica gel (CC) to afford the following fractions: n-hexane, CH 2 Cl 2 , EtOAc and MeOH. The EtOAc fraction from the stems was chromatographed on SiO 2 (230-400 mesh; 5.2 cm × 28.0 cm) and eluted with n-hexane (A), EtOAc (B) and MeOH (C) to yield 11 new fractions. The EtOAc fraction (B) was fractionated on SiO 2 (230-400 mesh; 2.4 cm × 16.0 cm), eluted with n-hexane/EtOAc (4:1), to afford 6 new fractions containing limonoids. The EtOAc fraction (B-2) was further purified by Recycling High-Performance Liquid Chromatography (Shimadzu, model SCL-10A) with a Shodex Asahipak column -model GS-310 2G (45.0 × 2.5 cm, 5 μm particle size) and elution in the isocratic mode: MeOH, flow rate = 3.0 mL.min -1 . Detection (Shimadzu SCL-10A) was monitored at λ = 217 and 254 nm and compound 9 (9.2 mg) was isolated. The structure was established by comparison of its spectroscopic and physical data with those reported in the literature [30] .Compound 9 was also isolated by high speed counter-current-chromatography (HSCCC) [19] .
Coleoptile bioassay: Bioassay as well as calculation of IC 50 and statistical analysis were performed as described by Nebo et al. [31] . Data were statistically analyzed using Welch's test. Data are presented as percentage differences from control. Thus, zero represents the control, positive values represent stimulation of the studied parameter, and negative values represent inhibition.
Phytotoxicity bioassay:
The selection of target plants was based on an optimization process developed in our search for a standard phytotoxicity bioassay [23, 31] . The Standard Target Species (STS) A. cepa L. (onion), L. esculentum Will. (tomato), L. sativum L. (cress) and L. sativa L. (lettuce) were assayed for this study. The commercial herbicide, Logran ® , was used as an internal reference [23] . Data were analyzed statistically using the Mann-Whitney test, with significance fixed at 0.01 and 0.05.
